The extreme antiquity and lack of evidence for significant chemical processing of the chondritic meteorites since they were formed suggest the possibility that their chemistry and mineralogy may have been established during the condensation of the solar system. By using equilibrium thermodynamics, the sequence of condensation of mineral phases from a cooling nebula of solar composition has been calculated. Applying the predictions of these theoretical models suggests that (1) the chemistry and mineralogy of Ca-Al-rich inclusions in C2 and C3 chondrites were established during condensation at temperatures >1300øK; (2) fractionation of such inclusions is necessary to account for the refractory element depletions of ordinary and enstatite chondrites relative to the carbonaceous chondrites; (3) the metal-silicate fractionation in ordinary chondrites took place in the nebula at T < 1000øK and Ptot • 10 -• arm; (4) the volatile element depletion of C2 and C3 chondrites relative to C1 chondrites took place during chondrule formation; (5) the most volatile elements are depleted in ordinary chondrites because they accreted before these elements were totally condensed; and (6) many chemical features of planetaw rare gases and organic material in carbona.ceous chondrites could have been established during condensation. Chemical fractionation during condensation may also be responsible for the heterogeneous accumulation of the earth, the refractory element enrichment of the moon, and the varying Fe/Si ratios of the terrestrial planets.
A. INTRODUCTION 1. History a. Astronomical studies o,f molecular equilibriums aad condensation. Thermodynamic calculations have long been employed by astronomers as an aid in the identification of spectral lines in stellar atmospheres. Molecular equilibriums calculated for a number of different temperatures, pressures, and abundance ratios can be found in Russell [1934] , Wildt [1934] , Boigue [1957] , and de Jager and Nev'en [1957] .
There also have been many attempts to use this type of calculation to predict the presence of condensate grains in stellar atmospheres and to identify the components of circumstellar dust [e.g., Wildt, 1933; Kamijo, 1963; Gilman, 1969; Fix, 1970 Fix, , 1971 . Special attention has been paid to the problem of the condensation of circumstellar graphite [Hoyle and Wickramasinghe, 1962; Tsuji, 1964; Kamijo, 1966; Donn, 1967; Donnet al., 1968] .
b. Solar nebula thermodynamic calculations. Gaustad [1963] has examined the problem of the evaporation of interstellar dust during the collapse of a protostar of solar composition. The general problem of the condensation of phases from a solar nebula has been investigated by Lord [1965] at the highest temperatures, by Griffiths et al. [1972] at intermediate temperature, and by Lewis [1972b] Because of the rapid improvement of thermochemical data and solar system abundance estimates and the widespread availability of computers, the accuracy, completeness, and sophistication of these calculations have improved with time.
The compositions and origins of the terrestrial planets have also been discussed in relation to chemical equilibrium between dust and vapor in the solar nebula. Early work on this subject may be found in Eucken [1944] , Latimer [1950] , and Ur'ey [1952a, 1954] 
Physical Setting
To perform the condensation calculations discussed in this paper, an understanding is required of the physical conditions that existed in the primitive solar nebula. Our only independent estimates of pressures and temperatures in the solar nebula come from theoretical models of the hydrodynamics of collapsing interstellar gas clouds and the formation of protostars. Modern treatments of this problem can be found in Ho•yle [1960] , Ho,yle and Wickramasinghe [1968] , and Larson [1969] . Recent short reviews of the subject have been given by Clark et al. [1972] , McCre'a [1972] , Mestel [1972] , and Reeves [1972] .
The problem has been attacked by Cameron in a long series of papers [Cameron, 1962 [Cameron, , 1963 [Cameron, , 1969 [Cameron, , 1971 [Cameron, , 1972a  Ezer and Cameron, 1963 ] that culminated in Cameron [1972b, 1973] and Cameron and Pine [1973] . Although specific features of the models arising from these papers have been criticized by Sa[rono. v [1972] , the models presented by Cameron and his co-workers provide a detailed picture of the approximate temperature and pressure structure and dynamics of an evolving nebula containing two solar masses. Cameron and Pine [1973] have presented models of a disk-shaped nebula in which the pressure and temperature in the midplane fall from over 2000øK and 10 • atm at the center to below 100øK and 10 -5 arm at a radial distance of 10 AU from the center. Perpendicular to the median plane, pressure and temperature also decrease rapidly. Two convective regions exist in these models, one from the center of the disk out to the vicinity of 1 AU and the other from ~2 AU to •10 AU. Cameron [1973] has estimated that solid particles in the outer convective zone may attain velocities in excess of i km/s. Convection cells may thus play an important role in the transport of condensate grains.
Pressures. and temperatures employed in the condensation calculations in this paper will be seen to fall in the general range of those predicted by these models for the inner solar system. It seems premature, at this stage, to anchor condensation calculations to any specific pressure-temperature model because of the remaining uncertainties in the input parameters of the hydrodynamic treatments. [1967] , shows the major chemical criteria that serve to define the differences between the enstatite chondritcs, the carbonaceous chondrites, and the different groups of ordinary chondritcs.
Discussion of these differences can be found in the work of Mason [1971] and Van Schmus and Wood [1967] . The ordinary chondrites are intermediate in oxidation state between the carbonaccous. chondritcs and the cnstatitc chondrites. The latter are so reduced that their metal conrains several percent Si in solid solution [Ringwood, 1961] , and a significant fraction of their Ca, Mg, Mn, and Ti are found in solution in sulfide minerals [Keil, 1968] .
Van Schmus and Wood [1967] have further subdivided each class of ordinary and enstatite chondrites into pctrologic groups, numbered 3 through 6, which represent different stages of progressive recrystallization, according to textural and mineralogical evidence. The rccrystallization is generally attributed to thermal metamorphism, presumably while the meteorites resided in their parent bodies [Dodd, 1969] composition. The calculation of this temperature is a twostage process. First, the distribution of an clement between its gaseous molecules must be computed as a function of temperature. Second, the chemical conditions necessary for the condensation of all phases of that clement must be calculated as a function of temperature. Comparison of these functions yields the condensation point. It is important to note that if a gaseous species exists that is much more stable than any of those considered in the first step, the calculated condensation temperature will be too high. On the other hand, omission of more refractory phases than the predicted condensate will result in a condensation temperature too low. Thus in these calculations it is necessary to use as complete a list of chemical species as possible for which high-quality thermodynamic data are available. It is evident from the foregoing discussion that the condensation temperature of an clement is, in general, a function of the concentrations of the other elements present. Also, the effects of previously condensed phases on the composition of the vapor cannot be ignored, as is illustrated in the example that follows. b. Calculation techniques. Lord [1965] ,Larimer [1967] , and Grossman [1972a] have discussed the details of solar nebula condensation calculations. These are briefly reviewed here.
Since H is so much more abundant than any other element [Cameron, 1968] where Ptot is the total gas pressure of some region in the nebula. At high temperatures and low pressures, the ideal gas law can be used: 
Na tøt (6)
A chemical reaction can then be written to describe the formation of each gaseous molecule from its monaromic gaseous constituent elements [Grossman, 1972a] . In the ease of NH•, for example,
From the free energies of these species an equilibrium constant K can be calculated such that Substituting the ideal gas law and rearranging yields N•u, = KNNNn•(RT) •
All expressions of this form can be substituted into (6). It now becomes evident that knowledge of the concentrations of the other monaromic gaseous component elements is necessary in order to compute N•. A mass balance equation like (6) is written for each element being considered. All substitutions of the form of (9) are made in each equation. The result is a system of n simultaneous, nonlinear mass balance equations in n unknowns, the concentrations of the monaromic gaseous component elements. These equations are solved by a method of successive approximations by using a computer. [Grossman, 1972a] . These calculations have been extended to cover more than 100 phases, many of which are commonly found in terrestrial rocks and meteorites. The temperature variation of log K• for corundum and spinel is shown in Figure 1 . In the case of a pure element these lines are simply vapor pressure curves. For corundum the reaction is (10) and log K•q--2 log Px•-4-3 log Po-log Ax,,o•
where AAi,O• is the activity of alumina. The activity of a pure crystalline phase is unity, and hence (11) reduces to the ordinate on the top half of Figure 1 . Figure I also illustrates a technique introduced into solar nebula condensation calculations by Grossman [1972a] . The equilibrium lines for corundum and spinel divide their respective phase diagrams into fields of vapor only and of condensate only. The system of mass balance equations was solved at very high temperatures (2000 ø , 1800 ø , and 1700øK) at 10 -• arm; the concentrations of monaromic gaseous components converted to partial pressures and the functions appearing as the ordinates in all the phase diagrams were calculated. These functions (squares in Figure  1 ) are seen to be linear with l/T, and all except the function for corundum at 1700øK plot in their respective fields of vapor only. Corundum was thus found to be the first condensate of the major elements.
To represent complete chemical equilibrium, however, the 1700øK equation set must be solved again, this time including terms for the concentration of crystalline corundum in the A1 and O mass balance equations. The introduction of this new variable requires the addition of (11), the condition that corundum be in equilibrium with the vapor below its condensation point. This forces the gas composition to vary along the corundum equilibrium line, requiring a lower PAl at 1700øK than would have been the case had corundum not appeared. Thus spinel (lower half of Figure   1 ), which would have condensed at 1685øK if corundum had not appeared, does not condense until nearly 1500øK. Grossman [1972a] was thus able to determine the effects of high-temperature condensates on the temperatures of appearance of less refractory phases by starting at high temperatures, assuming complete chemical equilibrium, and correcting the equations each time a new condensate became stable.
d. Solid solutions. In cases where solid solutions are considered, the activity term in (11) generally does not equal one but becomes the product of a temperature-and composition-dependent activity coefficient 7 and a mole fraction X. In the case of ideal solid solutions, 7 is unity. This simplification has been used for the condensation of trace elements in perovskite [Urossman, 1973b] and siderophiles in iron metal [Latimer, 1967; Grossman and Olsen, 1974] . The condensation of nonideal solutions has been considered by Latimer [1973] for Bi, T1, and In and by Grossman [1972c•] for the melilites, olivines, and pyroxenes. Because the activities of components in dilute solution are less than one, solid solution raises the condensation temperature of an element above that of the pure component.
e. Limitations of condensa•tion models. Aside from the possibility that important gaseous molecules or crystalline phases may exist for which thermodynamic data are lacking, the quality of the thermal data themselves imposes errors on the calculation of condensation temperatures. Fortunately, most of the important species in these calculations are quite stable under laboratory conditions and have been well studied. The year to year fluctuations in their reported free energies yield maximum errors of •30 ø More important is the effect that such fluctuations would have on the sequence of crystallization of phases that have similar condensation temperatures and the effect that this, in turn, would have on the appearance or disappearance of later phases in the condensation sequence. The standard compilations of thermodynamic data routinely list error estimates on the tables for each species.
Important errors can also be introduced through the elemental abundances. The condensation temperature of a phase changes by 50ø-100 ø if the abundance of one of its component elements is altered by a factor of 10. Anders [1971b] argued, however, that the abundances of the elements in the solar system [Cameron, 1968] are known to within a factor of 2 for most elements and within a factor of 5 for some groups of trace elements. More serious effects can be produced by less severe alterations in the ratios of certain critical elements, such as C,/O. This ratio controls the oxidation state of the system and the availability of oxygen to condensed phases. New solar spectral data [Cameron, 1974] yield a C/O ratio within a few percent of older data [Cameron, 1968] .
In the calculations described here it is assumed that phases appear at their equilibrium condensation points and that they remain in complete thermal and chemical equilibrium with the vapor at lower temperatures. 
Condensation Sequence
The condensation sequence of a gas of solar composition [Cameron, 1968J at 10 -• atto total pressure is shown in Figure 2 , patterned after earlier versions by Larim.er [1967J and Anders [1968 [1967J and Anders [ , 1971a [1967J and Anders [ , 1972a . The curves are based on the data of Grossman [1972a Grossman [ , 1973b , Grossman and Clark [1973] , Latimer [1973] , and Grossman and Olsen [1974] . The detailed condensation relations in specific temperature ranges will be discussed in later sections. Here the general features of the condensation sequence are described.
Under equilibrium conditions the first condensates from a cooling solar nebula will consist of a group of refractory trace elements, such as Os, Re, and Zr. These condense well above 1679øK, the condensation point of Al Ti-Al-rich pyroxcnc was first identified in Allende by Fuchs [1969] Kurat [1970] Table 3 ). Wiinke way into the white aggregates. Some probably acted as nuclei for the major phases, others probably nucleated upon the major phases, and still others had to condense in solid solution in the major phases [Grossman, 1972b [Grossman, , 1973a .
Wginke et al. [1973] reported that their inclusion is depleted in Pd by a factor of 0.15 relative to C1 chondrites. This is particularly anomalous because the same inclusion is enriched by factors of 12-20 in Ru, Os, Pt, and Ir. As platinum metals, all these elements are noted for their coherent behavior in meteorites. The separation reported by W•inke et al., however, is easily understood in terms of the high condensation temperatures of the enriched platinum metals (see Table 3 
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served similar enrichments in Na and K. The data of Podosek and Lewis [1972] show that the I-Xe age of the Allende inclusions is not unlike the ages of equilibrated chondrites. Furthermore, the lack of I-Xe isochronism was interpreted to indicate that the inclusions began to retain "•øXe over a 4-m.y. time span. Under the assumption that C1 and I entered the inclusions at the same time, this means that the Cl-bearing sodalite, and probably the other feldspathoids, formed over this same interval of time, which, as Grossman [1973b] pointed out, is probably 10-100 times longer than the condensation time of the solar system. Such evidence thus points toward a late origin fo,r the feldspathoids by reactions that occurred inside the parent body at about the same time that the equilibrated chondrites began to retain their •øXe. The •Xe content implies an initial •"Pu/2•U ratio nearly 3 times higher than in any other meteoritic material. Although Podosek and Lewis [1972] suggested that this was due to fractionation of Pu from U during the formation of the inclusions, it can also be interpreted, at least in part, in terms of a greater age for the inclusions, which is consistent with a condensation origin [Turekian et [1972] to be in the range --9.7 to --11.5%o relative to SMOW. Such compositions imply temperatures of equilibration with the nebular gas as low as 800øK or else very low 8•0 for that part of the solar nebula where the inclusions formed. These temperatures are much lower than those implied by the texture and mineralogy of the inclusions. The meaning of this discrepancy is under active investigation.
h. P-T implications. As was stated above, the presence of diopside rims on some of the Ca-rich inclusions implies that reaction between the condensates and the vapor ceased at about 1450øK, under the assumption of 10 '-• arm for the total pressure. The major element contents of the inclusions of Table 4 Metallic iron should have begun to condense at 1471øK, above the formation temperature of the diopside rims at 10 -• arm, yet no iron has been observed inside the inclusions. This may be a clue to the pressure in the region of the nebula where the inclusions formed. At 10 -• atm, for example, the diopside rims should form at 1387øK, iron at ~1377øK, and forsterire at 1370øK. Because of the mineralogical and textural evidence for disequilibrium condensation [Grossman, 1972a] , diopside may have formed slightly below its equilibrium condensation temperature , making 10 -• arm an upper limit to the pressure in the part of the nebula where the inclusions formed. This pressure will allow inclusions having the same mineralogy, textural features, and major and trace element chemistry as those observed to form just before metallic iron and forsterire condense. The model requires transport of these nodules away from their condensation site at this stage before they become coated with the later condensates. The previous lowest value for the upper limit to the pressure in this part of the nebula was 2.2 x 10 -• atm There is reason to believe that partial condensation of refractaries was not restricted to the solar nebula. The interstellar gas is underabundant in Ca, A1, and Ti, but the abundances of Na and K are normal. Herbig [1970a, b] suggested that much of the material in the interstellar medium has been processed through stellar nebulae, with Ca, A1, and Ti being returned in the form of grains and Na and K remaining in the gaseous state. The abundance of iron in the solar system was uncertain for many years and was the source of considerable controversy. Up until 19'69 the iron abundance in the solar photosphere appeared to be a factor of 5-10 less than in chondrites or in the solar corona. This discrepancy has now been resolved with the discovery of a 10-fold error in the oscillator strengths of the FeI lines used in photospheric abundance determinations [Garz and Kock, 196 .9]. All abundance values from the sun now agree with meteoritic values to within experimental error, about a factor of 2.
Controversy persists, however, over the apparent variation in metal/silicate ratio among the planets and satellites and the indisputable fact that in primitive chondrites the Fe/Si ratio is variable ( Fe/Si ratio. and that density differences are the result of variable proportions of metallic iron/iron oxide and metallic silicon/silicon dioxide. On the other hand, Lewis [1972a] argued that the density differences are the result of variations in iron oxide, sulfur, and volatile content. Such factors can be involved in the case of Venus, the earth, and Mars, A variety of mechanisms have been proposed for the metal-silicate fractionation on the basis of density, brittleness, volatility, and magnetism [Urey, 1952a [Urey, , 1954 Wood, 1962] . Of these factors, volatility and magnetism are of special interest here. As was discussed earlier (section C), at high pressures (>7 X 10-" atm), metal condenses before the bulk of the silicates. If accretion took place during condensation [Turekian and Clark, 1969] , the innermost regions of a planet that accreted at higher pressures would consist largely of metal, and if pressure increased toward the center of the nebula, as might be expected, the metal contents should increase correspondingly, as is observed. For chondrites, however, a different mechanism suggests itself, which may or may not be applicable to the planets. The upper temperature limit inferred from chondrite compositions, T _< 1000øK, falls close to the ferromagnetic Curie point of Fe./Ni grains with the predicted compositions. This may simply be a coincidence, but, perhaps it is causal, the fractionorion being triggered by the onset of ferromagnetism in the metal grains. There is a growing body of independent evidence that metal and magnetite grains in meteorites were subjected to weak magnetic fields, probably while still dispersed in the nebula [ Table 5 ).
E. VOL^TrLE Urey [1952a Urey [ , b, 1954 first suggested that volatile trace elements (e.g., Cd, Zn, and Hg) might be used as 'cosmothermometers' to estimate the accretion temperatures of meteorites and the earth. On the basis of the data available at that time, which showed no evidence that these elements were deficient, Urey concluded that both the earth and the meteorites accreted at T • 300 ø K. The concept. of 'cold accretion' has since become rather firmly entrenched in planetary cosmogony.
The situation has changed considerably in subsequent years, however. More precise trace element determinations, largely by neutron activation analysis, indicate that nearly all volatile elements are depleted in most chondritic me- . These nine elements obey the same trend as was observed in the case of all volatile elements in C chondrites, the only difference being the larger depletion factor, which implies a larger percentage of the high-temperature component. These nine elements are referred to as 'normal' elements [Anders, 1964] . However, most of the remaining volatile elements are depleted by even larger factors, a factor of up to 10 -• for the most volatile (e.g., In and T1). These elements are referred to as 'strongly depleted.' To explain these depletions, some explanation other than mixing components must be found. We shall return to this point momentarily.
Formation o] Chondrules and Matrix
There have been numerous suggestions as to how chondrules formed in the nebula. The models may be divided into two broad categories: primary and secondary.
a. Primary models. In primary models both chondrules and matrix are thought to be original condensates produced via two different condensation paths: vapor to solid, yielding submicron-sized dust grains (matrix) and vapor to liquid, yielding millimeter-sized droplets (chondrules) by coalescence [Wood, 1962 [Wood, , 1963 b. Secondary models. In secondary theories the original condensate is assumed to consist entirely of dust (matrix), some of which is later reheated to form chondrules. Whipple [1966] and Cameron [1966] proposed that lightning discharges might be common in the nebular gas-dust cloud and might provide a suitable reheating mechanism. If such events occurred shortly before accretion but after the bulk of silicates and metal had condensed, time sufficient for the refractory element and metal/silicate fractionations could have elapsed [Latimer and Anders, 1970] . More recently it has been suggested that high-velocity (•1 km/s) impacts between dust grains would be sufficiently energetic to partially melt and outgas the original dustlike condensate to form chondrules [Whipple, 1972; Cameron, 1973b] . At least one chondrule found in the Ngawi meteorite displays evidence of an impact event that partially melted it [Lange and Latimer, 1973] . In further support of a reheating model, Onuma et al. [1972] pointed out that oxygen isotope ratios of separated chondrules and matrix in ordinary chondrites are similar, thus suggesting that both ceased to exchange oxygen with the gas at about the same temperature (~450øK), which is quite close to the estimated accretion temperature (section E3). They note that reheating experiments on silicate material on a time scale of hours cause little change in the isotopic ratio.
It should be noted here that only in the idealized form of the two-component model is the high-temperature fraction assumed to be completely devoid of volatiles. In reality, whatever the mechanism of formation, elements of intermediate volatility might be only partially outgassed or condensed. Indeed, several elements (e.g., As, Au, Rb, and Sb) have anomalous depletion factors of 0.9-0.4 or so in some chondrites Case et al., 1973] . These elements, referred to as 'partially depleted,' might be partially retained in the high-temperature fraction. The P-T conditions under which the high-temperature fraction formed (or the initial composition, if formed by reheating) presumably varied from place to place in the nebula, and this may explain why some elements, such as the partially depleted elements and Na, K, and Mn, behave as volatile elements in C chondrites and as partially depleted or non- 
Temperature and Pressure
Whatever their mode of origin, one can attempt to deduce a 'condensation temperature,' defined as the temperature at which the material ceased to equilibrate with the gas, for the two components. In C chondrites the high-temperature fraction contains magnesium silicates and metal but is depleted in alkalis and all other more volatile elements. The temperature range at which material of this composition ceased to equilibrate with the gas is inferred from Figure 2 to be about 1200 ø to 1300øK. In the case of the hightemperature fraction in ordinary and E chondrites the alkalis and Mn, along with such elements as As and Au, are either not depleted or are only partially depleted, thus implying a slightly lower temperature or higher pressure of equilibration with the gas. a. Accretion conditions. The composition of the matrix provides information that may be of far greater significance than the composition of the chondrules. The temperature st which this material ceased to equilibrate with the gas, as deduced from elemental abundances, presumably is close to the temperature at which the meteorites accreted. There is, of course, the possibility that some elements were redistributed after accretion during metamorphism [Dodd, 1969] . This will be considered an alternative working hypothesis that will be tested by comparing the observed abundances to those predicted from the condensation calculations. The matrix in C chondrites contains its full complement of volatile elements (Pb, Bi, T1, and In) plus hydrated silicates and magnetite. A condensate of this composition would be stable in a cosmic gas only at temperatures less than about 400 ¸ to 350øK (Figure 2) . Thus, as was pointed out by Urey [1952a, b] , these meteorites must have accreted at, rather low temperatures. The condensation temperattires of the volatile elements as well as the formation temperature of the hydrated silicates (which, incidentally, is not well established) are dependent on pressure. But the formation temperature of Fe•04, which is well established, is independent of pressure; hence the upper limit of 400øK is firm. Anders [1972b] has reviewed the formation temperatures of C1 chondrites on the basis of data from a variety of thermometers, both pressure-dependent and independent (Table 6 ). The reslilts are remarkably concordant, especially considering that each thermometer involves assumptions that, although they are individually vulnerable, were not made with a conscious effort to achieve concordancy.
The fact that the nine so-called normal elements are depleted by constant factors in ordinary chondrites, whereas the remaining volattics, in general, have larger and variable depletion factors, was somewhat of a puzzle to Anders [1964] . Constant depletion factors are, of course, explicable in terms of the two-component models; variable depletion factors are not. Moreover, the extent of the depletions, ranging up to 10-" for Bi, In, and T1, was especially bothersome. This problem was at least partially resolved by Latimer [1967] , who noted that the strongly depleted elements are among the most volatile in a cosmic gas and that the extent of depletion is e•rre!atocl with tho predic*ed condeviation At about the time that attention was drawn to the poten- [Dodd, 1969] suggesting that the geochemical [Eck et al., 1966] show that complex aromatic compounds form metastably when the H/C ratio drops below a critical value.
Nonetheless, it is of interest to attempt to understand the behavior of carbon in the nebula. The thermodynamics of carbon in a gas of cosmic composition has been studied extensively [Urey, 1953; Suess, 1962 The hydrocarbon distribution produced in these experiments resembles that found in C chondrites (Figure 15) But there is still some uncertainty as to whether such reactions occur in the nebula or in the parent bodies during metamorphism. The experiments have been conducted with H2/CO ratios (~500) much lower than those expected (~1000) and at pressures much higher than those predicted for the nebula. In fact, when the pressure is dropped to 10 -• arm, no reaction occurs. Conceivably, the original compounds were formed by a different mechanism. The most likely alternative is the Miller-Urey reaction involving irradiation of CHa, NIL, and H, by UV, ¾ rays, etc. [Miller, 1953] . Since irradiation produces free radicals that link randomly, this reaction lacks the selectivity required to produce straight chain molecules. Nor does it provide a straightforward means of explaining the fractionation of carbon isotopes. But since a two-step process is possible, the chemistry of carbon in the nebula is still somewhat uncertain.
G. NOBLE GASES
In this section we shall consider the problem of how the noble gases came to be incorporated into the condensed solid material in the nebula. Both isotopic ratios and absolute abundances of these elements have long been regarded as important clues to the origin of meteorites as well as of the earth and its atmosphere.
The first probem is to identify that fraction of the gases which is 'primordial.' In all accessible solid material from the solar system, including meteorites and lunar and terrestrial rocks, the noble gases are strongly depleted by factors of 105 to 10 • or more relative to their predicted abundance in the solar system. Moreover, in some cases a large fraction of the noble gases present are the result of radioactive decay (e.g., U, Th • •He, •øK --• •øAr) or cosmic-ray-induced nuclear reactions. This portion of the gases must, of course, be subtracted to obtain the primordial gas content. In most cases this is accomplished routinely on the basis of isotopic ratios. The remaining gas, however, commonly contains not one but two varieties of primordial gas.. Three properties of the planetary gas need to be explained: the amounts, the elemental ratios, and the isotopic ratios landers, 1971a]. As was discussed earlier (section E3), the amounts of planetary gas correlate with petrologic type or apparent degree of metamorphism. Absolute abundances of Ar, Kr, and Xe rise by 3 orders of magnitude from type 6 to C1 chondrites [Marti, 1967;  The suggestions put forth to explain these differences in isotopic ratios have been summarized by Anders [1971a] . The most obvious explanation, mass fractionation by gravity or diffusion, is deemed unlikely because the expected correlations in elemental abundance and isotopic ratios are not observed [Pepin, 1967; Je#ery and Anders, 1970] . One possible explanation for the low 2øNe/'-'"e ratio in planetary gas is that 2.6-year 2•Na was formed in the silicates by a charged particle irradiation in the nebula and decayed to The results, presented in Table 8 , are rather surprising.
All the various types of meteorites, both differentiated and undifferentiated, as well as the earth and moon, yield quite similar temperatures. If these values are accepted uncritically, they would seem to imply that only a very slight thermal gradient existed across the inner solar system during accretion.
Of course, the interpretation must be tempered somewhat since the temperatures deduced may be only averages for the low-temperature component. If this is the ease, then the temperatures have little significance except as a curious coincidence. Such arguments, however, can be used to place severe constraints on the relative amounts of high-and low-temperature condensates incorporated into planetary- pattern has been observed in the rocks of later missions except for some relatively minor local deviations. Gast et al. [1970] suggested that even the source regions of the Apollo 11 lavas are enriched in refractories and depleted in volatiles and that this is due to preferential lunar accretion of high-temperature condensates. Gast and McConnell [1972] proposed that the outer 20-30% of the moon is enriched in refractories by at least a factor of 5 owing to the late accretion of a refractory condensate-rich outer layer. Anderson [1972, 1973] Table 8 between Venus, the earth, and Mars may be attributable to different oxidation states of iron and varying sulfur contents rather than to different mean Fe/Si ratios of the planets. This model differs from that of Ringwood [1966] in that the planetary oxidation states are established by condensation equilibrium in a nebular temperature gradient rather than by internal reduction processes. Specifically, the model predicts that S is a major component in the earth's core.
In spite of the differences between the theories discussed here, it is clear that present-day models are moving away from planets made of a particular meteorite type and are moving toward planets made up of varying proportions of the components found in chondritic meteorites.
